The degree of chromatic adaptation of midget ganglion cells of the parvocellular (PC) pathway was studied by measuring long-(L) to middle-wavelength (M) cone weighting at different mean chromaticities in the mid-photopic range. Cone weighting was measured using a protocol involving changing the relative phase of modulated lights, which provided an estimate independent of the level of maintained activity. The degree of adaptation at 2500 td was found to be less than complete (i.e., sub-Weberian), with the M-and L-cone contributions having slopes averaging 0.89 rather than 1.0. This is broadly consistent with the degree of light adaptation present in this cell class. The changes in maintained activity following a step change in chromaticity took tens of seconds to return toward a baseline level, but changes in cone weighting appeared much faster.
Introduction
The retina adapts to changes in light level by modulating its sensitivity. In the retina of the macaque, cells of the magnocellular (MC) pathway maintain the same contrast sensitivity at low temporal frequencies (i.e., Weber's law applies) over a wide range of luminance levels, but responses of cells of the parvocellular (PC) pathway fall short of Weber's law, in that contrast sensitivity decreases with luminance (Lee, Pokorny, Smith, Martin, & Valberg, 1990) ; after a 10-fold decrease in illuminance from 2000 to 200 td there was only a $7.8-fold increase in modulation sensitivity, i.e., a 22% decrease in contrast sensitivity. The changes in sensitivity in both pathways appear to be complete within a few tens of milliseconds (Yeh, Lee, & Kremers, 1996) . Recordings in outer retinal horizontal cells, which are thought to reflect cone responsivity, have indicated that outer retinal adaptation also falls short of Weber's law (Smith, Pokorny, Lee, & Dacey, 2001) , and is rapid and cone specific (Lee, Dacey, Smith, & Pokorny, 1999 , 2003 ). It appears likely that the degree of light adaptation in PC cells is largely determined by outer retina (Smith, Pokorny, Lee, & Dacey, this volume) .
On changing mean chromaticity while holding luminance constant, the visual system adapts to the new chromaticity; in von Kries adaptation (von Kries, 1902) , independent adaptation of the cones is postulated, and this may form a partial basis for color constancy. Chromatic adaptation in PC cells was studied by Yeh et al. (1996) , who found that responsivity to a test probe took several seconds to recover after a step change in chromaticity. The changes in chromaticity evoked large changes in maintained firing (either an increase or decrease), and the slow recovery of responsivity may have been due to saturation of the cell, either due to a very high firing rate or a complete suppression of activity, which then slowly recovered. However, only responsivity was measured during this recovery, and thus there was no estimate of the response of individual cone types. The slow time course of the recovery of responsivity resembles psychophysical second-site adaptation (Reeves, 1982a,b; Stromeyer, Cole, & Kronauer, 1985) , in which psychophysical sensitivity after a chromatic change is lowered by polarization at a secondsite. Psychophysical adaptation models often include a multiplicative cone-specific stage followed by a subtractive mechanism (e.g., Hayhoe & Wenderoth, 1991) ; the multiplicative stage may reflect outer retinal mechanisms, and the subtractive mechanism recovery of the second site.
We here investigate chromatic adaptation in PC cells. Our earlier results (Lee et al., 1990) , and those from outer retina (Smith et al., 2001) , suggest that cone-specific adaptation should be substantial but sub-Weberian, as is the case for light adaptation. We measured the middle-(M) to long-wavelength (L) cone balance of PC cells at different mean chromaticities using a paradigm in which cone weighting can be estimated from response phase, so that changes in maintained firing have little effect (Smith, Lee, Pokorny, Martin, & Valberg, 1992) . We then estimated the degree of cone-specific adaptation necessary to account for the results. Results were consistent with the hypothesis that chromatic adaptation in PC cells is substantial but not complete.
Methods
Cell activity was recorded from the retinas of anesthetized macaques (M. fascicularis). The animals were initially sedated with an intramuscular injection of ketamine (10 mg/kg) followed by thiopental (10 mg/kg). Anesthesia was maintained with inhaled isoflurane (0.2-2%) in a 70:30 N 2 O-O 2 mixture. Local anesthetic was applied to points of surgical intervention. EEG and ECG were monitored continuously to ensure animal health and adequate depth of anesthesia. Muscle relaxation was maintained by a constant infusion of gallamine triethiodide (5 mg/kg/h i.v.) with accompanying dextrose Ringer solution (6 ml/kg/h). Body temperature was kept close to 37.5°. End tidal CO 2 was adjusted to close to 4% by adjusting the rate of respiration. All procedures were approved by the SUNY Animal Care Committee and conform to ARVO guidelines for ethical care of animals.
Neuronal activity was recorded directly from retinal ganglion cells by a tungsten-in-glass electrode inserted through a cannula entering the eye behind the limbus. Optimal tip exposure was 4-5 lm for MC cells and 2-3 lm for PC cells, with resistances of 20-60 MX. The details of the preparation can be found elsewhere (Crook, Lange-Malecki, Lee, & Valberg, 1988) . We recorded responses of cells between 4°and 12°eccentricity. Cell identification was achieved through standard tests (Lee, Martin, & Valberg, 1989) . These included achromatic contrast sensitivity and responses to lights of different chromaticity. Additional tests, e.g., measuring responses to heterochromatically modulated lights (Smith et al., 1992) , were employed in cases when identification was difficult. PC cells could generally be identified by their tonic responses and spectral opponency, and MC cells by their phasic responses and lack of spectral opponency; all cells included in the sample were clearly cone opponent. For each cell, the locus of the receptive field center was determined and the stimulus was centered on this point. Times of spike occurrence were recorded to an accuracy of 0.1 ms, and averaged histograms of spike trains were simultaneously accumulated with 64 bins per cycle of modulation.
Visual stimuli were generated using a light-emitting-diode (LED) based Maxwellian-view system (Lee et al., 1990) . Only two LED sources were used in these experiments, with peak wavelengths of 554 nm and 638 nm and half-height bandwidths of 8-10 nm. The chromaticity of each LED and their relative luminance were calculated from each LED's spectrum and the Smith and Pokorny cone fundamentals (Smith & Pokorny, 1975) . A uniform 4.6°stimulus field was used which is expected to cover both center and surround. The LEDs were driven through frequency modulation of a high-frequency ($100 kHz) pulse train, which provided a high degree of linearity.
Three different chromatic adaptation conditions were tested on most cells. Retinal illuminance was 2500 td with dominant wavelengths of 578, 595 and 618 nm. In some preliminary experiments, retinal illuminance was not identical under the three adaptation conditions and was 3470, 4000 and 4738 td for 578, 595 and 618 nm, respectively. Data were closely similar for the two sets of measurements (the degree of deviation from Weberian behavior was similar under the two sets of conditions) and data were combined. To determine cone weighting, we used a protocol described previously (Smith et al., 1992) . The LEDs were sinusoidally modulated with different relative phases; from cells' response amplitude and phase it is possible to estimate cone weighting, as described in Section 3. Modulation depth of the LEDs was held constant under the different adaptation conditions at ±1000 td. Sixteen different relative phases were used, with steps of 22.5°. Physically, luminance modulation corresponds to 0°and chromatic modulation 180°. Seven different frequencies were tested from 0.61 to 39.5 Hz. Approximately 6 s of activity were collected for each phase condition at each frequency. Response histograms were collected and response amplitude and phase extracted by Fourier analysis. After each change in mean chromaticity, approximately 2-3 min were allowed to elapse to allow cell responses to stabilize.
In some experiments in which the time course of adaptation was tested, visual stimuli were generated using a second LED based Maxwellian-view system (Pokorny, Smithson, & Quinlan, 2004) . Only two LED/interference filter sources were used in these experiments, and they had peak wavelengths of 518 nm and 660 nm, with half-height bandwidths of 8-10 nm. The mean chromaticities tested were 551, 571 and 606 nm. Retinal illuminances were similar to those in the first set of experiments.
Results

Stimuli, responses and cone weighting
The stimuli and methods of analysis have been described elsewhere (Smith et al., 1992) . Briefly, stimuli consisted of sinusoidally modulated 554 and 638 nm LED sources in different relative phases, as sketched in Fig. 1 . Based on the cone spectra (Smith & Pokorny, 1975) , it is possible to calculate the modulation of cone excitation (which is sinusoidal), and its phase, as a function of the relative phase of the two sources, as shown in Fig. 1B and C (554 nm phase relative to the 638 nm source is plotted on the abscissa). Note that the response phase of the L cone tends to follow the long-wavelength source (curve approximately horizontal) and that of the M cone largely follows the 554 nm source (diagonal curve).
A set of responses for a typical cell is shown in Fig. 2 . Amplitude and phase of the responses of the +L À M, red on-center cell to the stimulus, which kept the same modulation amplitude at the three mean chromaticities, are shown for two temporal frequencies. At 1.22 Hz ( Fig. 2A) , response amplitude is maximal for chromatic modulation and less for luminance modulation; the response phase curve changes depending on the adaptation chromaticity. At 578 nm, its course is shallow, parallel to the ordinate, indicating the L cone was dominant. At 616 nm, its course is close to the diagonal, indicating the M cone was dominant. At 595 nm, the phase curve is intermediate in shape. This pattern is maintained at 19.5 Hz. However, at the higher frequency the minimum is shifted along the abscissa toward positive values; this is due to a centersurround phase delay.
We modeled cell responses using the approach of Smith et al. (1992) , where the derivation is described and illustrated in more detail. Response amplitude and phase, R amp and R phase , are given by
where L w and M w are cone weighting terms such that L w = WL amp and M w = (1 À W)M amp where W is the weighting term and L amp and M amp are cone excitation amplitudes as described in Fig. 1 . L phase and M phase are also derived from Fig. 1 . L amp , M amp , L phase and M phase are all independent variables and functions of the relative phase of the 554/ 638 nm sources. The four free parameters are W, A (an amplitude scalar) and / L and / M . The latter are the actual phase of the cone inputs, which are unknown but can be added to L phase and M phase . Data were fitted in the complex plane using a least-squares criterion, i.e., real and imaginary response components of cell response and model were extracted and fitted simultaneously to give amplitude and phase predictions of the model. The solid lines in Fig. 2 indicate the fitted curves. They generally provided a good description of both phase and amplitude data. Amplitude data were sometimes less well fit at high temporal frequencies; this could often be ascribed to response saturation, due to clipping of cell responses. Response phase data were well described by the model. Fit parameters can be found in the figure legend. The change in response phase profile as a function of mean chromaticity indicates that the cone weighting of this cell was modified by the mean chromaticity. We now consider how the fit parameters are dependent on the background chromaticity.
Cone weighting as a function of chromaticity
The L, M cone weight derived from the model fits is largely determined by response phase, which would be expected to be independent of changes in maintained firing level. Evidence is provided later for this assertion. Fig. 3A shows the weight parameter, W (indicative of L-cone weight; for a cell with only L-cone input the value would be one), at the three chromaticities as a function of temporal frequency, for +L À M red on-center cells (n = 8) and +M À L green on-center cells (n = 12). W becomes less with long-wavelength chromaticities for both cell groups, as might be expected if differential cone adaptation had taken place so as to decrease the L/M cone balance. L-cone weight was higher for red on-center compared to green oncenter cells, as expected if the center mechanism had the higher weight for a given cell group. At low frequencies the weighting remains stable, but there is some increase of L-cone weight at 19.5 and 39 Hz for both cell groups. The error bars indicate 95% confidence limits of the sample mean; data became noisier at higher frequencies, primarily because response amplitude was low, especially at 39 Hz. Similar results were obtained from a smaller sample of off-center cells.
The phase parameters, / L and / M , showed an increasing lag with temporal frequency. The relative difference between these parameters influences the shift in the amplitude and phase curves along the abscissa seen at 19.5 Hz in Fig. 2 . In our earlier description (Smith et al., 1992) , we showed that this shift was in opposite directions for red on-center and green on-center cells, and was consistent with a center-surround phase delay of a few milliseconds, partly due to synaptic delays associated with transmission of the surround signal. From the fit parameters, we calculated the inferred center-surround phase delay (in degrees) for the two cell groups as a function of temporal frequency at the different chromaticities, and these values are plotted in Fig. 3B . There is an increase in delay with temporal frequency for both cell groups, but, as in the earlier measurements, the delay was larger for red on-center than for green on-center cells. However, the delay is dependent on mean chromaticity, and changes in opposite directions for the two cell groups. The change would be consistent with differential adaptation of the M and L cones, such that increasing mean adaptation level speeds up the cone response, as previously demonstrated in outer retina (Smith et al., 2001) . Since this would occur in opposite directions for the M and L cones as mean chromaticity is changed, it is plausible that the reversal is due to the reciprocal changes in adaptation levels of the two cones. The phase delay is thus a combination of center-surround latency difference with small differences in the temporal response of the M and L cones at the different mean chromaticities. It should be stressed that this phase delay is trivial at low temporal frequencies, and does not affect cone weight estimation.
We estimated the degree of cone-specific adaptation necessary to account for the changes in cone weighting observed. We first calculated the cone excitations associated with each mean chromaticity using 10°cone fundamentals (Shapiro, Pokorny, & Smith, 1996) . For example, expressed in cone trolands, excitation of the M cone decreased by a factor of 2.4 when the mean chromaticity changed from 578 to 616 nm, while excitation of the L cone increased by a factor of 1.26, to give a total change in the relative cone excitations of a factor of 3.04. Fig. 4A sketches how the degree of adaptation can be estimated. The curves illustrate the expected relationship between cone responsivity as a function of retinal illumination (cf. Smith et al. (2001) , Fig. 10) ; both axes are logarithmic. At low illuminances the curves are flat but with increasing illuminance the responsivity decreases toward a constant slope as gain control mechanisms become active. We assumed that slopes were similar for the M (11.1, 188.9) and (17.7, 191.6) (578, 595, 618 nm) and (À209.5, À53.0), (À218.2, À71.2) and (À245.9, À104.8) at 1.22 and 19.5 Hz, respectively. The shape of the phase plot changes at the different mean chromaticities. The phases of the response amplitude minima are dependent on temporal frequency. and L cones. The vertical position of the curves is immaterial; they have been separated for clarity. At the mean chromaticities k 1 and k 2 the L and M cone trolands are L k1 and L k2 , and M k1 and M k2 , respectively, and responsivities are R Lk1 etc. Thus, each point on each curve defines a cone responsivity at the given cone troland level; the length of the line segments can be used to estimate the slope. Then
where W k1 and W k2 are the cone weighting parameters derived from Eqs. (1) and (2) and plotted in Fig. 3A . G represents the slope of the adaptation curve in Fig. 4A . For each cell, the mean value of the weighting parameter, W, for the three lowest temporal frequencies tested was calculated and the slope parameter, G, was adjusted to provide a best fit for the three test chromaticities using a least-squares criterion. Fig. 4B shows mean values of the weighting parameter, W, for different cell classes at the different mean chromaticities, together with fitted values. For the different cell groups, the decrease in L-cone weighting follows a similar course. The fitted values can be seen to provide a reasonable description of the data. The distribution of the slope parameter, G, for all cells is shown in Fig. 4C . There is some scatter among cells, but the mean value, 0.89, is significantly less than unity (P < .005). This confirms the expectation that adaptation is less than complete. The value of 0.89 is somewhat larger than that found in earlier experiments (0.78) when retinal illuminance was changed from 2000 to 200 td (Lee et al., 1990) , or in our outer retinal measurements (0.6-0.7 from 1000 to 100 td; (Smith et al., 2001) ). It is possible that the somewhat higher retinal illuminance used (2500 td) increased the slope; there is some suggestion of this in outer retinal data under dynamic conditions (Lee et al., 1999 (Lee et al., , 2003 .
The time course of the change in cone weighting might be expected to be rapid. It is difficult to determine this time course using the phase protocol, since to obtain a set of data for such plots as in Fig. 2 requires several minutes. However, it is possible to rapidly estimate cone weighting using a novel technique in which the chromaticity of a field is rotated around the circumference of a cone space (Sun, Smithson, Zaidi, & Lee, 2006) . The method relies on measurement of response phase, and is thus independent of changes in maintained activity. Preliminary results indicate that changes in cone weighting after an abrupt change in chromaticity are complete within less than a second (B.B. Lee, H. Sun, D. Cao, unpublished observations) . However, stabilization of maintained activity after a change in chromaticity has a much longer time course (Yeh et al., 1996) . This is illustrated in Fig. 5A for a +M À L, green on-center cell. The mean chromaticities in these experiments differed from the previous figures. At time zero, the mean chromaticity was changed as indicated. There is an increase in firing after a shift toward short wavelengths, and a decrease after a change to long wavelengths. Maintained firing rate was measured in the absence of stimulation at intervals during the subsequent 150 s. There is a slow recovery toward a level of $10 imp/s. This has been fitted with an exponential decay. Time courses were several tens of seconds, as indicated; these values are consistent with our earlier measurements (Yeh et al., 1996) . We also measured cone weighting during this period using the technique of Sun et al. (2006) , as plotted in Fig. 5B . Each measurement took 2-3 s, but within this time course changes in weighting appear to be immediate.
Discussion
We consider the degree to which PC cells adapt to the mean chromaticity of a background. The results were generally consistent with physiological data that suggested that PC cells fall short of Weberian adaptation within a low-to mid-photopic range (Lee et al., 1990) . Thus, adaptation to a change in chromaticity is not complete. Most recently, intracellular recordings from elements of macaque retina have broadly confirmed (Dunn, Lankheet, & Rieke, 2007) that there are both outer and inner retinal components to light adaptation in the primate. These authors reported that outer retinal adaptation plays a larger role at higher retinal illuminances, and that inner retinal adaptation mechanisms were more pronounced in MC than PC cells. These findings are broadly consistent with our results, although there is some uncertainty in comparing precisely retinal illuminance levels in the in vivo and their in vitro slice preparations.
Our analysis of cone weighting depends on certain assumptions. It is based on the phase of the cell response as a function of the relative phase of the two modulated LEDs, and requires knowledge of the relative phases of the cone modulation as relative LED phase varies. This is derived from the cone fundamentals (Fig. 1) . We also performed the same analysis using the Stockman (Stockman, MacLeod, & Johnson, 1993) rather than the Smith-Pokorny fundamentals; this did not affect the conclusions. Secondly, differential latencies of the two cones might have affected the analysis. However, such effects would be expected to be minimal at low frequencies, and cone weightings were stable up to $10 Hz, which suggests that delay effects were not significant. At higher frequencies, an increased L-cone weight became apparent, for which the reason is obscure. We used the mean weights at the three lowest frequencies in the analysis. Thirdly, we previously showed (Smith et al., 1992 ) that using a cone-specific or mixed surround model for PC cells did not substantially affect the results. A further assumption is that the slopes of the adaptation curves in Fig. 4 are the same for the M and L cones. We have previously shown that outer retinal adaptation, measured in horizontal cells, is cone specific (Lee et al., 1999) . Chromaticity and luminance in those in vitro experiments was similar to those used here. From the horizontal cell sample we estimated the adaptation slope for each cone. These were 0.78 (SD 0.22, n = 13) for the L cone and 0.68 (SD 0.21, n = 13) for the M cone. Although these values differed significantly (P < .01, paired t test), there was substantial inter-cell variability. We reanalyzed the present data assuming that the L-cone slope was 14% greater than that of the M cone, but this did not improve the fits, neither did it significantly alter our conclusions.
Psychophysical data (Stromeyer et al., 1985) has suggested that detection sensitivity to red or green chromatic pulses showed behavior consistent with Weberian adaptation of the M and L cones as mean chromaticity was changed. These authors used two mean illuminances, 400 and 3000 td. Careful examination of their 400 td data suggests slightly less than Weberian adaptation, but at 3000 td Weberian behavior seemed to hold. Our mean illuminance of 2500 td was intermediate between their levels. In another study, changes in phase of the Mand L-cone signals were reported as a function of mean chromaticity (Stromeyer, Chaparro, Tolias, & Kronauer, 1997) . However, the authors themselves stress that this reflected activity in a luminance mechanism, presumably based on the MC pathway. MC cells obey Weber's law when changing retinal illuminance (Lee et al., 1990) . Their behavior on changing mean chromaticity is complex and variable (Yeh et al., 1996) , but there is little change in maintained firing, and changes in responsivity are rapid. Non-linear chromatic responses become more prominent when mean chromaticity was set at long wavelengths. These effects may be related to reports that a luminance mechanism displays 'supra-Weberian' adaptation on changing mean chromaticity (Eisner & MacLeod, 1981) .
The results are also consistent with psychophysical approaches that model chromatic adaptation in terms of cone-specific multiplicative gain controls followed by a subtractive mechanism (Smith, Pokorny, & Sun, 2000) . The latter is thought to require a long time course. The degree of cone-specific multiplicative gain controls differs in various psychophysical descriptions (e.g., Wuerger, 1996) . Based on our physiological measurements, cone-specific adaptation contributing to mechanisms of color constancy based on von Kries adaptation is incomplete, and the shortfall is likely to be more pronounced at lower levels of retinal illuminance.
